In this study, we applied the 1988-2017 monthly average sea ice concentration data from the Met Office Hadley Centre and the 1988-2017 monthly average reanalysis data from the National Centers for Environmental Prediction/Department of Energy (NCEP/DOE) Reanalysis II to analyze the relationship between the winter precipitation in the Barents and Kara Seas (BKS) and the previous autumn eastern Siberian Sea ice anomalies. Through the correlation analysis, we found that the correlation between eastern Siberian Sea ice and the BKS winter precipitation was strongest in September and weakest in November. The results indicated that, when the eastern Siberian Sea ice extent decreased in September-October, a significant positive geopotential height anomaly would occur in the coming winter (December-February) in the Norwegian-Barents region. This result in turn caused anomalies in the northward meridional wind. Consequently, the anomalous water vapor from the mid-latitude Atlantic to the Arctic passed through the Greenland Sea before finally reaching the BKS. The meridional wind also caused the temperature in said seas to increase and the BKS ice to melt, leading to an increase of winter precipitation. We also found that the increase of the Siberian high (SH) in winter was related to the decrease of autumn East Siberian Sea ice extent and the increase of the winter BKS precipitation anomaly. Further research still needs to be refined for this issue in future studies.
Introduction
As one of the most important and fastest-changing regions of the global climate system, sea ice plays a vital role in regulating weather conditions in the region's oceans and the world [1] . However, sea ice has been melting rapidly over the past few decades [2] . Arctic multiyear ice extent (60 • N-90 • N), in particular, has dropped sharply at a rate of 9% per decade [3] . In the 1990s, this decline began to accelerate [4] . The authors of many previous studies have linked the main modes of atmospheric circulation in the northern hemisphere to changes in arctic sea ice [5] [6] [7] . Rigor et al. believed that the positive phase of the Arctic oscillation (AO) caused an abnormal decrease in Arctic Ocean sea ice extent in summers. However, Ogi et al. posited that the recent anomalous changes in said ice in September are more closely related to the anticyclone in northern Eurasia in winter and that the relationship between the winter phase AO mode and the summer sea ice was weak [8] . Greenland Sea ice anomalies can also cause atmospheric circulation anomalies in the northern hemisphere. It was found that
NCEP/DOE Reanalysis Data
The monthly average reanalysis data from 1988 to 2017 was collected from the National Centers for Environmental Prediction/Department of Energy (NCEP/DOE) Reanalysis II. The data included geopotential height, ice concentration, meridional wind, zonal wind, air temperature, and outgoing long-wave radiation (OLR). They were 17 layers of data sets (i.e., 1000, 925, 850, 700, 600, 500, 400, 300, 250, 200, 150, 100, 70, 50, 30, 20, and 10 hpa). As moisture flux was concentrated in the lower atmosphere below 850 hPa, the dataset at 850 hpa was used in the study. The grid resolution was 2.5 • × 2.5 • .
Global Precipitation Climatology (GPC) Monthly Dataset
Monthly global precipitation climatology (GPC) data from 1988 to 2017 was also collected in the study. The grid resolution was 2.5 • × 2.5 • . By calculating the average of three months, the winter precipitation data in December-February was obtained in the Barents-Kara Sea (BKS at 20 • E-60 • E, 72 • N-84 • N). The GPC precipitation data set was acquired from a combination of microwave and infrared remote sensing data.
AO Index and NAO Index
The monthly average AO index and NAO (North Atlantic oscillation) index were used in the study from the National Oceanic and Atmospheric Administration/Climate Prediction Center, in which the winter (December-January-February) average index was calculated as the 3-month average.
Methods

Correlation Analysis
The Pearson correlation coefficient was used to calculate the linear relationship between sea ice and precipitation, and we used Student's t test to test the statistical significance of the correlation between different parameters [28] . To eliminate the influence of data fluctuations on the correlation coefficient, we subtracted a least squares fitting line from the data before calculating the correlation coefficient, so the mean value of the detrended data was zero.
Statistical Significance
Student's t test was used to assess the level of statistical significance of the results. Results above 90% confidence were significantly marked as significant.
Mean Composite Analyses
In the mean composite analysis, the nonlinear signal not found in linear regression was amplified and the data noise was reduced.
Mann-Kendall Test
The Mann-Kendall (M-K) test is a climate diagnosis and prediction technique. The M-K analysis was used to determine whether there was a mutation point in the time series. If there was a mutation point, the time of the mutation was determined [29, 30] .
Results
The Winter Precipitation Anomalies in the Barents-Kara Sea
Using the monthly GPC precipitation data, the winter (December-February) precipitation anomalies were calculated in the Barents-Kara Shelf Sea (BKS) region (20 • Applying the M-K test, we found that 2003 was a mutation point. That is, the average precipitation from 1985 to 2003 was greatly different from that from 2004 to 2017. In 2003, precipitation in the BKS transitioned from negative anomalies to positive ones, based on the thirty-year average from 1988 to 2017; before that year, the precipitation in the BKS was below the 30-year average, while after it was higher than the 30-year average. Panagiotopoulos et al. found that the Siberian high (SH) showed a sharp decline from 1975 to 2000, and in 2000 the trend reversed [31] . The winter BKS precipitation trend shown in Figure 1 also reversed in 2000. The relationship between winter BKS precipitation and winter SH from 1979 to 2017 will be explained in the discussion section Figure 1 also shows that the precipitation from 1995 to 2000 in the Barents-Kara Seas decreased rapidly, but this trend did not pass the said test. [31] . The winter BKS precipitation trend shown in Figure 1 also reversed in 2000. The relationship between winter BKS precipitation and winter SH from 1979 to 2017 will be explained in the discussion section Figure 1 also shows that the precipitation from 1995 to 2000 in the Barents-Kara Seas decreased rapidly, but this trend did not pass the said test. 
Autumn Eastern Siberian Sea Ice Affecting the Winter BKS Precipitation
Using the Hadley monthly sea ice concentration dataset, we estimated the autumn eastern Siberian Sea ice extent. To explore the relationship between said extent and the winter Barents-Kara Sea precipitation, the correlation coefficient between the two was calculated. Before the correlation analysis, all the data were de-trended. Figure 2a shows the correlation coefficient mentioned. The colored regions passed the t test at 90% confidence. A negative signal in the eastern Siberian Sea was clearly seen (near 130° E-180° E, 72° N-80° N). This indicated that the melting of the autumn eastern Siberian Sea ice was related to an increase in winter precipitation in BKS. The eastern Siberian Sea is one of the arctic marginal seas, in which the ice changes dramatically. In September, the eastern Siberian Sea ice was at its smallest extent. A decrease in autumn eastern Siberian Sea ice extent was observed to an increase in Siberian High (SH) SLP, which in turn caused the Eurasia and East Asian high latitudes to cool [30] . In addition to eastern Siberia, a weak negative signal was seen in Novaya Zemlya (near 60° E, 72° N), while a weak positive signal was found in the Parry Islands (near 120° E, 82° N). To verify the negative relationship between the autumn eastern Siberian Sea ice and the winter precipitation in the BKS, we calculated the correlation coefficient between the NCEP/NCAR autumn sea ice concentration and BKS winter precipitation (Figure 2b ). There is a negative signal only in the eastern Siberian Sea, with those in other sea areas disappearing. 
Using the Hadley monthly sea ice concentration dataset, we estimated the autumn eastern Siberian Sea ice extent. To explore the relationship between said extent and the winter Barents-Kara Sea precipitation, the correlation coefficient between the two was calculated. Before the correlation analysis, all the data were de-trended. Figure 2a shows the correlation coefficient mentioned. The colored regions passed the t test at 90% confidence. A negative signal in the eastern Siberian Sea was clearly seen (near 130 • E-180 • E, 72 • N-80 • N). This indicated that the melting of the autumn eastern Siberian Sea ice was related to an increase in winter precipitation in BKS. The eastern Siberian Sea is one of the arctic marginal seas, in which the ice changes dramatically. In September, the eastern Siberian Sea ice was at its smallest extent. A decrease in autumn eastern Siberian Sea ice extent was observed to an increase in Siberian High (SH) SLP, which in turn caused the Eurasia and East Asian high latitudes to cool [30] . In addition to eastern Siberia, a weak negative signal was seen in Novaya Zemlya (near 60 • E, 72 • N), while a weak positive signal was found in the Parry Islands (near 120 • E, 82 • N). To verify the negative relationship between the autumn eastern Siberian Sea ice and the winter precipitation in the BKS, we calculated the correlation coefficient between the NCEP/NCAR autumn sea ice concentration and BKS winter precipitation (Figure 2b ). There is a negative signal only in the eastern Siberian Sea, with those in other sea areas disappearing. To study the effects of the autumn eastern Siberian Sea ice on winter precipitation of the BKS, we chose August, September, October, and November as the relevant months to calculate the relationship between the two. Through calculations, we found that the September eastern Siberian Sea ice concentration had the greatest impact on winter precipitation in said sea. Figure 3 shows the distribution of correlation coefficients between BKS winter precipitation and eastern Siberian Sea ice in August, September, October, and November. First, in August (Figure 3a) , the negative correlation area appeared in the eastern Siberian Sea, but this only covered a small region, showing a discrete distribution. In September (Figure 3b ), the negative correlation area still appeared in the eastern Siberian Sea, and the negative signal area extended to the north, with the coverage area reaching the maximum. In October (Figure 3c ), the negative correlation zone in the eastern Siberian Sea began to dissipate, only covering the marginal eastern Siberia sea. In November (Figure 3d ), the negative correlation zone of the eastern Siberian Sea was completely dissipated. The eastern Siberian Sea is an arctic marginal sea, and August and September are periods of dramatic changes in ice in this sea, with it retreating rapidly. In October, the sea ice of said sea was in the icing period and changed relatively little. In November, the eastern Siberian Sea ice froze and barely changed. We defined the autumn eastern Siberia sea ice extent anomalies (the black area in Figure 2 , near 130° E-180° E, 72° N-80° N) in September-October (Sep-Oct) from 1988 to 2017 as the sea ice index. The standard deviation of the sea ice index was used as a threshold. When the index was higher (lower) than one standard deviation, we used it as a high-(low-)sea ice index year. Therefore, the high-sea ice index years were 1988, 1992, 1994, 1996, 1997, 1998 To study the effects of the autumn eastern Siberian Sea ice on winter precipitation of the BKS, we chose August, September, October, and November as the relevant months to calculate the relationship between the two. Through calculations, we found that the September eastern Siberian Sea ice concentration had the greatest impact on winter precipitation in said sea. Figure 3 shows the distribution of correlation coefficients between BKS winter precipitation and eastern Siberian Sea ice in August, September, October, and November. First, in August (Figure 3a) , the negative correlation area appeared in the eastern Siberian Sea, but this only covered a small region, showing a discrete distribution. In September (Figure 3b ), the negative correlation area still appeared in the eastern Siberian Sea, and the negative signal area extended to the north, with the coverage area reaching the maximum. In October (Figure 3c ), the negative correlation zone in the eastern Siberian Sea began to dissipate, only covering the marginal eastern Siberia sea. In November (Figure 3d ), the negative correlation zone of the eastern Siberian Sea was completely dissipated. The eastern Siberian Sea is an arctic marginal sea, and August and September are periods of dramatic changes in ice in this sea, with it retreating rapidly. In October, the sea ice of said sea was in the icing period and changed relatively little. In November, the eastern Siberian Sea ice froze and barely changed. We defined the autumn eastern Siberia sea ice extent anomalies (the black area in Figure 2 , near 130
in September-October (Sep-Oct) from 1988 to 2017 as the sea ice index. The standard deviation of the sea ice index was used as a threshold. When the index was higher (lower) than one standard deviation, we used it as a high-(low-)sea ice index year. Therefore, the high-sea ice index years were 1988, 1992, 1994, 1996, 1997, 1998 
Winter Atmospheric Circulation Anomalies Associated with Autumnal Eastern Siberian Sea Ice Extent Anomalies
In the previous sections, we detailed the relationship between the autumnal eastern Siberian Sea ice anomalies and the BKS winter precipitation anomalies. To explore their relationship, we used mean composite and correlation analyses to investigate the correlation between the autumn eastern Siberian Sea ice extent and the winter atmospheric circulation activity in the northern hemisphere. Figure 4a shows the correlation coefficient between the autumn eastern Siberian Sea ice extent and the winter SLP (sea-level pressure) in the northern hemisphere. The colored regions passed the t test at 90% confidence. The autumn eastern Siberian Sea ice extent was negatively correlated with the winter SLP, indicating that when the Siberian Sea ice extent was reduced, a clear positive SLP anomaly existed in the Norwegian-Barents Sea that extended to Siberia through Eastern Europe. Figure 4b shows the correlation coefficient between the autumn sea ice index and the 500 hpa winter geopotential height. As seen in Figure 4b , compared with Figure 4a , the geopotential anomaly was highly concentrated in the Norway-Barents region. At the same time, the geopotential height anomalies in the Beaufort Sea, with the reverse phase of Norway-Barents, were found. The winter Norway-Barents-centered SLP (500 hpa geopotential height) anomaly (black part, 0° E-60° E, 60° N-75° N) was calculated. 
In the previous sections, we detailed the relationship between the autumnal eastern Siberian Sea ice anomalies and the BKS winter precipitation anomalies. To explore their relationship, we used mean composite and correlation analyses to investigate the correlation between the autumn eastern Siberian Sea ice extent and the winter atmospheric circulation activity in the northern hemisphere. Figure 4a shows the correlation coefficient between the autumn eastern Siberian Sea ice extent and the winter SLP (sea-level pressure) in the northern hemisphere. The colored regions passed the t test at 90% confidence. The autumn eastern Siberian Sea ice extent was negatively correlated with the winter SLP, indicating that when the Siberian Sea ice extent was reduced, a clear positive SLP anomaly existed in the Norwegian-Barents Sea that extended to Siberia through Eastern Europe. Figure 4b shows the correlation coefficient between the autumn sea ice index and the 500 hpa winter geopotential height. As seen in Figure 4b , compared with Figure 4a , the geopotential anomaly was highly concentrated in the Norway-Barents region. At the same time, the geopotential height anomalies in the Beaufort Sea, with the reverse phase of Norway-Barents, were found. The winter Norway-Barents-centered SLP (500 hpa geopotential height) anomaly (black part, 0 • E-60 • E, 60 • N-75 • N) was calculated. To explore the relationship between the autumn eastern Siberian Sea ice extent and the winter atmospheric circulation in the northern hemisphere, we also calculated the correlation coefficient between the two in winter. As shown in Table 1 , the correlation coefficient between the Sep-Oct eastern Siberian Sea ice and the winter Siberian High (SH) was −0.5, and the absolute value was much higher than the correlation coefficient between the Sep-Oct eastern Siberian Sea ice and the winter AO (arctic oscillation) (R = 0.30). Table 1 demonstrates that the relationship between the eastern Siberian Sea ice extent and the winter NAO index in Sep-Oct was very weak (R = 0.07). The correlation between the winter AO and winter SH was also very weak (R = −0.19). In addition, we calculated the relationship between SH and NAO (North Atlantic oscillation) with a correlation coefficient of 0.14. Table 2 shows the correlation coefficient between the BKS winter precipitation anomalies (20° E-60° E, 72° N-84° N) and the main atmospheric patterns of the northern hemisphere in winter. As shown in Table 2 , a strong positive correlation existed between winter SH and BKS winter precipitation, but the positive correlation between BKS winter precipitation and AO/NAO was very weak, suggesting that winter SH played a greater role than AO/NAO in BKS winter precipitation: SH was closely negatively related to autumn eastern Siberian Sea ice extent and positively related to the BKS winter precipitation anomaly. These relationships will be explained in detail in the discussion section. Table 1 . Correlations between the autumn sea ice index and the winter arctic atmospheric circulation.
Correlation coefficients over 90%, 95%, and 99% confidence levels are represented by *, ** and ***, respectively. DJF is December-January-February, SH is Siberian high, AO is arctic oscillation, NAO is North Atlantic oscillation. To explore the relationship between the autumn eastern Siberian Sea ice extent and the winter atmospheric circulation in the northern hemisphere, we also calculated the correlation coefficient between the two in winter. As shown in Table 1 , the correlation coefficient between the Sep-Oct eastern Siberian Sea ice and the winter Siberian High (SH) was −0.5, and the absolute value was much higher than the correlation coefficient between the Sep-Oct eastern Siberian Sea ice and the winter AO (arctic oscillation) (R = 0.30). Table 1 demonstrates that the relationship between the eastern Siberian Sea ice extent and the winter NAO index in Sep-Oct was very weak (R = 0.07). The correlation between the winter AO and winter SH was also very weak (R = −0.19). In addition, we calculated the relationship between SH and NAO (North Atlantic oscillation) with a correlation coefficient of 0.14. Table 2 shows the correlation coefficient between the BKS winter precipitation anomalies (20 • E-60 • E, 72 • N-84 • N) and the main atmospheric patterns of the northern hemisphere in winter. As shown in Table 2 , a strong positive correlation existed between winter SH and BKS winter precipitation, but the positive correlation between BKS winter precipitation and AO/NAO was very weak, suggesting that winter SH played a greater role than AO/NAO in BKS winter precipitation: SH was closely negatively related to autumn eastern Siberian Sea ice extent and positively related to the BKS winter precipitation anomaly. These relationships will be explained in detail in the discussion section. Table 1 . Correlations between the autumn sea ice index and the winter arctic atmospheric circulation. Correlation coefficients over 90%, 95%, and 99% confidence levels are represented by *, ** and ***, respectively. DJF is December-January-February, SH is Siberian high, AO is arctic oscillation, NAO is North Atlantic oscillation. Using the northern hemisphere meridional wind data, we calculated the correlation coefficient between the previous autumn eastern Siberian Sea ice extent and winter 850 hpa meridional wind in the northern hemisphere (Figure 5a ). The correlation coefficient between winter SLP (500 hpa geopotential height) anomaly centered in the Norway-Barents Sea and the meridional wind at 850 hpa (500 hpa) in winter was also calculated (Figure 5b,c) . The colored regions passed the t test at 90% confidence. When eastern Siberian Sea ice extent decreased in autumn, a significant positive winter SLP (500 hpa geopotential height) anomaly occurred in the Norwegian-Barents Sea. As a result, south (north) wind anomalies occurred in the Atlantic Ocean (Barents and Kara Sea). As can be seen from Figure 5b ,c, a south wind anomaly was present in the Atlantic Ocean, which was conducive to the spread of moisture from the mid-low latitudes of the Atlantic to the Arctic. At the same time, north winds were blowing in the BKS. The north wind anomalies could spread the moisture from the Atlantic Ocean to said seas, resulting in increased precipitation in BKS. Figure 5a (Figure 5a ). The correlation coefficient between winter SLP (500 hpa geopotential height) anomaly centered in the Norway-Barents Sea and the meridional wind at 850 hpa (500 hpa) in winter was also calculated (Figure 5b,c) . The colored regions passed the t test at 90% confidence. When eastern Siberian Sea ice extent decreased in autumn, a significant positive winter SLP (500 hpa geopotential height) anomaly occurred in the Norwegian-Barents Sea. As a result, south (north) wind anomalies occurred in the Atlantic Ocean (Barents and Kara Sea). As can be seen from Figure 5b ,c, a south wind anomaly was present in the Atlantic Ocean, which was conducive to the spread of moisture from the mid-low latitudes of the Atlantic to the Arctic. At the same time, north winds were blowing in the BKS. The north wind anomalies could spread the moisture from the Atlantic Ocean to said seas, resulting in increased precipitation in BKS. Figure 5a also shows similar results. In the 30 years of our available data, it can be observed that the entire arctic sea ice extent has been experiencing a rapid decline in September-October [32] . When the ice melting season was over, the Arctic was more open water than in the previous freeze period; as open water absorbed heat, the sea ice extent decreased compared to that in the previous freeze period [33, 34] . Changes in atmospheric circulation can lead to stronger precipitation anomalies or changes in factors associated with such anomalies [23] . To study the relationship between autumn eastern Siberian Sea ice extent and the winter BKS precipitation in depth, we used the 850 hpa water vapor transport anomaly in the high and low sea ice index years. Figure 6a shows the winter water vapor transport anomaly in the northern hemisphere during the low sea ice index years. As can be seen, a strong transport of water vapor was traveling from the lower latitudes of the Atlantic to the north across the Greenland Sea to the Arctic, before going south to the BKS. Thus, local convection and thermal anomalies were enhanced. This result was similar to that shown in Figure 5 . However, the water vapor transport flux in other parts of the Arctic was weak.
Sep
In contrast, Figure 6b shows the winter water transport in the northern hemisphere during the high In the 30 years of our available data, it can be observed that the entire arctic sea ice extent has been experiencing a rapid decline in September-October [32] . When the ice melting season was over, the Arctic was more open water than in the previous freeze period; as open water absorbed heat, the sea ice extent decreased compared to that in the previous freeze period [33, 34] . Changes in atmospheric circulation can lead to stronger precipitation anomalies or changes in factors associated with such anomalies [23] . To study the relationship between autumn eastern Siberian Sea ice extent and the winter BKS precipitation in depth, we used the 850 hpa water vapor transport anomaly in the high and low sea ice index years. Figure 6a shows the winter water vapor transport anomaly in the northern hemisphere during the low sea ice index years. As can be seen, a strong transport of water vapor was traveling from the lower latitudes of the Atlantic to the north across the Greenland Sea to the Arctic, before going south to the BKS. Thus, local convection and thermal anomalies were enhanced. This result was similar to that shown in Figure 5 . However, the water vapor transport flux in other parts of the Arctic was weak.
In contrast, Figure 6b shows the winter water transport in the northern hemisphere during the high sea ice index years. Water vapor transport in the Atlantic Ocean to the North Pole disappeared, and a water vapor transport stream was moving eastward to Norway from the Greenland Sea. (1988, 1992, 1994, 1996, 1997, 1998, and 2001) . Figure 7a shows the correlation coefficient between the autumn east Siberian Sea ice extent and 850 hpa meridional winter water vapor transport in the northern hemisphere. Figure 7b ,c show the correlation coefficients between winter SLP (sea-level pressure at 500 hpa geopotential height) anomaly centered in the Norway-Barents Sea and the meridional water vapor transport at 850 hpa in winter. The distribution in Figure 7 was similar to that in Figure 6 , which further indicated that meridional moisture transport was closely related to meridional wind. When the autumn eastern Siberian Sea ice extent decreased, a significantly positive geopotential height anomaly occurred in Norway-Barents. The south wind anomaly was present in the Atlantic Ocean. This wind carried water vapor into the Greenland Sea, and finally reached BKS through the north wind anomaly, resulting in the increase of winter precipitation in BKS. (1988, 1992, 1994, 1996, 1997, 1998, and 2001) . Figure 7a shows the correlation coefficient between the autumn east Siberian Sea ice extent and 850 hpa meridional winter water vapor transport in the northern hemisphere. Figure 7b ,c show the correlation coefficients between winter SLP (sea-level pressure at 500 hpa geopotential height) anomaly centered in the Norway-Barents Sea and the meridional water vapor transport at 850 hpa in winter. The distribution in Figure 7 was similar to that in Figure 6 , which further indicated that meridional moisture transport was closely related to meridional wind. When the autumn eastern Siberian Sea ice extent decreased, a significantly positive geopotential height anomaly occurred in Norway-Barents. The south wind anomaly was present in the Atlantic Ocean. This wind carried water vapor into the Greenland Sea, and finally reached BKS through the north wind anomaly, resulting in the increase of winter precipitation in BKS. Figure 8 shows the correlation coefficient between the meridional 850 hpa water vapor of BKS in winter (the black area in Figure 7 at 20° E-60° E and 72° N-84° N) and the winter air temperature at two meters in the northern hemisphere. When BKS meridional water vapor increased, the air temperature in the said seas increased, leading to the melting of the BKS sea ice. According to previous research on the arctic precipitation, increases therein are mainly caused by two factors, one being the melting sea ice of the Arctic and the other being the water vapor transport from the middle-low latitudes [35] . Thus, we calculated the winter air temperature and potential evaporation rate anomalies in the BKS from 1988 to 2017. Figure 9a shows the relationship between air temperature and precipitation in said sea (near 20° E-60° E, 70° N-82° N) with a correlation coefficient of 0.55 ***. Figure 9b shows the relationship between the air temperature and potential evaporation rate in the BKS. The correlation coefficient between them was 0.89 ***. Such a high correlation indicated that as the air temperature increased, so did the local precipitation and sea Figure 8 shows the correlation coefficient between the meridional 850 hpa water vapor of BKS in winter (the black area in Figure 7 at 20° E-60° E and 72° N-84° N) and the winter air temperature at two meters in the northern hemisphere. When BKS meridional water vapor increased, the air temperature in the said seas increased, leading to the melting of the BKS sea ice. According to previous research on the arctic precipitation, increases therein are mainly caused by two factors, one being the melting sea ice of the Arctic and the other being the water vapor transport from the middle-low latitudes [35] . Thus, we calculated the winter air temperature and potential evaporation rate anomalies in the BKS from 1988 to 2017. Figure 9a shows the relationship between air temperature and precipitation in said sea (near 20° E-60° E, 70° N-82° N) with a correlation coefficient of 0.55 ***. Figure 9b shows the relationship between the air temperature and potential evaporation rate in the BKS. The correlation coefficient between them was 0.89 ***. Such a high correlation indicated that as the air temperature increased, so did the local precipitation and sea According to previous research on the arctic precipitation, increases therein are mainly caused by two factors, one being the melting sea ice of the Arctic and the other being the water vapor transport from the middle-low latitudes [35] . Thus, we calculated the winter air temperature and potential evaporation rate anomalies in the BKS from 1988 to 2017. Figure 9a shows the relationship between air temperature and precipitation in said sea (near 20 • E-60 • E, 70 • N-82 • N) with a correlation coefficient of 0.55 ***. Figure 9b shows the relationship between the air temperature and potential evaporation rate in the BKS. The correlation coefficient between them was 0.89 ***. Such a high correlation indicated that as the air temperature increased, so did the local precipitation and sea ice evaporation in the BKS.
The Winter BKS Air Temperature Associated with the BKS Winter Precipitation
Bintanja stated that most of the arctic precipitation was caused by water vapor transport in the middle and low latitudes, but as the Arctic warmed, the impact of water vapor transport would become smaller and smaller [17] .
ice evaporation in the BKS. Bintanja stated that most of the arctic precipitation was caused by water vapor transport in the middle and low latitudes, but as the Arctic warmed, the impact of water vapor transport would become smaller and smaller [17] . Figure 9 . (a) Correlation between winter air temperature anomalies and winter precipitation anomalies in the Barents-Kara Sea; (b) correlation between winter air temperature anomalies and winter potential evaporation rate in the Barents-Kara Sea. The scatter points in the red dashed area passed the t test at 95% confidence.
To further explore the effect of the winter BKS air temperature on the winter BKS precipitation, we estimated the outgoing long-wave radiation (OLR) anomalies in the low sea ice index years ( Figure 10a ) and the OLR anomalies in the high sea ice index years (Figure 10b ). The black area passed the t test at 90% confidence. OLR reflects the strength of convective activity and is related to sea surface temperature and cloud cover. In the previous paragraph, we found that a southerly wind existed in the Atlantic that brought warm Atlantic air into the BKS. This may have been one of the factors contributing to the increase in evaporation and temperature in the BKS. As can be seen from Figure 10 , both the high-and low-sea ice index years, OLR anomalies were concentrated in the BKS. In the low sea ice index years, OLR showed positive anomalies near the Barents Sea, indicating that the convective activity was enhanced and led to increased water vapor convergence, which was conducive to the local precipitation. In low sea ice index years, the distribution of OLR was reversed. In the Barents Sea, the OLR presented a negative anomaly, and the convection was suppressed, which was not conducive to evaporation and local precipitation. These results further indicate that the evaporation of arctic sea ice will lead to an increase in precipitation in that ocean.
Our analysis showed the following observations: a decrease in autumn eastern Siberian Sea (ESS) sea ice extent was followed by an increase in the winter geopotential height (GPH) over the BarentsNorway seas; this was accompanied by an intensification of southerly meridional winds and increased water-vapor transport into the Atlantic sector of the Arctic. Regional northerly wind anomalies carried heat and moisture further eastward, increasing surface air temperatures in the BKS. Elevated temperatures led to increased evaporation of BKS sea ice and increased winter precipitation in that region. To further explore the effect of the winter BKS air temperature on the winter BKS precipitation, we estimated the outgoing long-wave radiation (OLR) anomalies in the low sea ice index years ( Figure 10a ) and the OLR anomalies in the high sea ice index years (Figure 10b ). The black area passed the t test at 90% confidence. OLR reflects the strength of convective activity and is related to sea surface temperature and cloud cover. In the previous paragraph, we found that a southerly wind existed in the Atlantic that brought warm Atlantic air into the BKS. This may have been one of the factors contributing to the increase in evaporation and temperature in the BKS. As can be seen from Figure 10 , both the high-and low-sea ice index years, OLR anomalies were concentrated in the BKS. In the low sea ice index years, OLR showed positive anomalies near the Barents Sea, indicating that the convective activity was enhanced and led to increased water vapor convergence, which was conducive to the local precipitation. In low sea ice index years, the distribution of OLR was reversed. In the Barents Sea, the OLR presented a negative anomaly, and the convection was suppressed, which was not conducive to evaporation and local precipitation. These results further indicate that the evaporation of arctic sea ice will lead to an increase in precipitation in that ocean.
Our analysis showed the following observations: a decrease in autumn eastern Siberian Sea (ESS) sea ice extent was followed by an increase in the winter geopotential height (GPH) over the Barents-Norway seas; this was accompanied by an intensification of southerly meridional winds and increased water-vapor transport into the Atlantic sector of the Arctic. Regional northerly wind anomalies carried heat and moisture further eastward, increasing surface air temperatures in the BKS. Elevated temperatures led to increased evaporation of BKS sea ice and increased winter precipitation in that region. (1988, 1992, 1994, 1996, 1997, 1998 , and 2001).
Discussion
As seen from Tables 1 and 2 , winter SH was closely related to arctic autumn eastern Siberian Sea ice extent and the winter BKS precipitation anomaly. This phenomenon may be caused by water vapor transport. When the autumn eastern Siberian Sea ice extent decreased, especially in September and October, the winter (December-February) water vapor transport increased in BKS, resulting in winter BKS temperature rise and ice melt. The reduction of BKS sea ice in winter will lead to SH strengthening. As reported in [36, 37] , the decrease of BKS sea ice extent led to the excitation of the Rossby wave, disturbed the polar vortex, and produced a positive geopotential height anomaly extending to northern Europe, which enhanced the high-pressure ridge anomaly near the Ural Mountains. Ridge/trough pattern anomalies and associated near-surface winds would enhance the advection of arctic cold air in the mid-latitudes of Europe and Asia, resulting in the strengthening of Siberian high pressure. In autumn and winter Siberian high Asia, BKS sea ice is closely related to China's air temperature [26, 37] . When the eastern Siberia sea ice extent in September-October decreased, cold temperatures would occur in northern China (see Figure 11 ). This phenomenon may also relate to Siberian high pressure. Before 2000, when the Siberian high weakened, winter BKS precipitation showed a declining trend, but the correlation between winter SH and BKS precipitation was very weak (r = −0.064). After 2001, the Siberian high was strengthened, and the precipitation of BKS in winter showed an increasing trend, and the correlation between BKS precipitation and SH in winter was strengthened (r = 0.56 **). Future work will still need to further refine the analysis of the relationship between autumn eastern Siberian Sea ice extent and BKS winter precipitation, addressing their impact on northern China's temperature. (1988, 1992, 1994, 1996, 1997, 1998 , and 2001).
As seen from Tables 1 and 2 , winter SH was closely related to arctic autumn eastern Siberian Sea ice extent and the winter BKS precipitation anomaly. This phenomenon may be caused by water vapor transport. When the autumn eastern Siberian Sea ice extent decreased, especially in September and October, the winter (December-February) water vapor transport increased in BKS, resulting in winter BKS temperature rise and ice melt. The reduction of BKS sea ice in winter will lead to SH strengthening. As reported in [36, 37] , the decrease of BKS sea ice extent led to the excitation of the Rossby wave, disturbed the polar vortex, and produced a positive geopotential height anomaly extending to northern Europe, which enhanced the high-pressure ridge anomaly near the Ural Mountains. Ridge/trough pattern anomalies and associated near-surface winds would enhance the advection of arctic cold air in the mid-latitudes of Europe and Asia, resulting in the strengthening of Siberian high pressure. In autumn and winter Siberian high Asia, BKS sea ice is closely related to China's air temperature [26, 37] . When the eastern Siberia sea ice extent in September-October decreased, cold temperatures would occur in northern China (see Figure 11 ). This phenomenon may also relate to Siberian high pressure. Before 2000, when the Siberian high weakened, winter BKS precipitation showed a declining trend, but the correlation between winter SH and BKS precipitation was very weak (r = −0.064). After 2001, the Siberian high was strengthened, and the precipitation of BKS in winter showed an increasing trend, and the correlation between BKS precipitation and SH in winter was strengthened (r = 0.56 **). Future work will still need to further refine the analysis of the relationship between autumn eastern Siberian Sea ice extent and BKS winter precipitation, addressing their impact on northern China's temperature. 
Conclusions
As a key part of the global climate system, arctic precipitation is of great significance in studying arctic climate change. In this study, we applied the monthly average sea ice concentration data and monthly average reanalysis data to analyze winter precipitation anomalies in the BKS from 1988 to 2017, finding that precipitation in the BKS has been on the rise for 30 years. Through the correlation analysis, we found that the increase of the sea's winter precipitation was closely related to the decrease of autumn eastern Siberian Sea ice conditions. The September eastern Siberian Sea ice extent has the strongest impact on the precipitation in the Barents and Kara Seas in the winter.
We specially analyzed the Sep-Oct eastern Siberian Sea ice anomaly as the sea ice index. By calculating the relationship between the autumn sea ice index and the characteristics of the main atmospheric circulation in the northern hemisphere, we found that the autumn sea ice anomaly in the eastern Siberian Sea was related to winter SH (R = 0.5). We also calculated the relationship between SH and arctic precipitation, indicating that the winter SH is closely related to the winter BKS precipitation.
When the eastern Siberian Sea ice extent decreased in autumn, a significant positive geopotential height anomaly occurred in Norway-Barents in winter, which in turn led to positive atmospheric circulation in the Atlantic Ocean. According to our analysis, the eastern Siberian Sea ice extent decreased in autumn. This decrease preceded a significantly positive geopotential height anomaly over the Norway-Barents (NB) Seas in winter. Following this increase were changes in atmospheric circulation, including a southerly wind anomaly that flows from the mid-latitudes of the North Atlantic, across the Greenland Sea, and toward the North Pole. These winds carry warm, humid air. Simultaneously, an anomalously strong northerly wind blows across the Barents and Kara Seas, eastwardly transporting the moistened air transported from the mid-Atlantic. This results in an increase in both the local precipitation and surface air temperatures of the BKS region.
By calculating the water vapor transport in the low sea ice index years, we found that a positive northward water vapor transportation exists in the Atlantic Ocean. This result is very similar to that of the anomalous wind field in the low sea ice index. In the high sea ice index years, southerly winds in the Atlantic were suppressed, preventing an increase in arctic precipitation. Thus, the strong water vapor transport in the Atlantic Ocean to the North Pole disappeared, and it only reached Norway and spread southward. 
By calculating the water vapor transport in the low sea ice index years, we found that a positive northward water vapor transportation exists in the Atlantic Ocean. This result is very similar to that of the anomalous wind field in the low sea ice index. In the high sea ice index years, southerly winds in the Atlantic were suppressed, preventing an increase in arctic precipitation. Thus, the strong water vapor transport in the Atlantic Ocean to the North Pole disappeared, and it only reached Norway and spread southward.
The BKS ice evaporation is an important factor, as is water vapor transport. The increase of the meridional water vapor caused an increase in the air temperature near the Barents and Kara Sea.
We calculated the relationship between the air temperature anomaly near said sea and the precipitation and potential evaporation. The correlation coefficients were 0.55 and 0.87, respectively. In this case, a strong positive relationship exists between evaporation of the arctic surface and local precipitation. The low sea ice index years featured the positive anomalous distribution of OLR in the anomalous precipitation area, which indicates that the local convective activity leads strongly to the bolstering of local precipitation. Meanwhile, in high sea ice index years, the negative anomaly distribution of OLR in the area of precipitation anomaly inhibited convective activity, which is not conducive to precipitation. This further proves that surface evaporation will lead to increased precipitation. More research work is still needed to refine this issue in future studies. 
